In recent years, the steroidal glycoalkaloids have emerged as an important class of bioactive compounds. Their occurrence in a number of foods and their diverse biological activities has encouraged the development of more efficient procedures for their isolation, purification and analysis, and more sensitive methods of detection and structure determination. This review is mainly concerned with new approaches for the characterization of these metabolites. The formation of artifacts of isolation and purification is discussed. The limited information on their biosynthesis is summarized.
The steroidal glycoalkaloids (SGAs) are a group of plant secondary metabolites that occur in members of the Solanaceae and Liliaceae plant families. Although most members of the Solanaceae and some of the Liliaceae produce these compounds, they have been referred to as Solanum alkaloids because they were originally isolated from Solanum species. These compounds first attracted interest because of their toxicity and their occurrence in important food crops such as potatoes (Solanum tuberosum), tomatoes (Lycopersicon esculentum), eggplants (aubergines) (Solanum melongela), and sweet peppers (Capsicum annuum). Importantly, many other species of Solanum, such as the wild potato type, are grown as local food sources [1] . Furthermore, the bark, roots and leaves of many Solanum species have been widely used in traditional medicine [1, 2] .
The structures of the SGAs are characterized by three different structural entities: a non-polar steroidal unit based on the cholestane (C 27 ) skeleton, a hydrophilic oligosaccharide portion that can vary from a monoto a pentasaccharide, and a basic nitrogen associated with the steroidal part. The combination of these groups with quite different reactivity defied interpretation of the structures for some time.
Following the structural elucidation of a number of these compounds, it was recognized that they could be useful as starting materials in the industrial production of steroid hormones. This led to a search for plant species that may be more abundant sources of SGAs on the one hand, and to improving methods of extraction, isolation and purification on the other. More recent studies have disclosed a variety of bioactivities associated with different SGAs and this has encouraged the development of more convenient and more sensitive methods of purification and analysis. This is particularly important for those compounds with pharmaceutical potential for which there are stringent requirements regarding the purity of the material. In these cases, even trace amounts of co-occurring metabolites must be isolated and identified. Moreover, artifacts generated during the process of extraction, isolation and formulation must also be characterized and/or removed.
The occurrence and chemistry of SGAs have been the subjects of a number of reviews [1, [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . Periodic updates of progress in the field can be found in Natural Product Reports, a publication of The Royal Society of Chemistry. The present review aims to highlight the significant advances in the field with an emphasis on the isolation, purification, structural determination and analysis of SGAs. Particular attention will be paid to the formation of artifacts in the isolation and separation steps. Although these may not be produced in high levels, they compromise the integrity of those compounds that are to be used as pharmaceuticals.
Historical Perspective
The first example of a steroidal glycoalkaloid was isolated from black nightshade (Solanum nigrum) by Desfosses in 1820 [14] . He extracted a new organic base, which he named solanée, from the expressed juice of the berries and showed it to have toxic effects. One hundred milligrams of this compound, administered orally to a dog, caused considerable vomiting and unconsciousness. In 1826, Baup [15] reported that a similar compound, solanine, was present in potatoes (Solanum tuberosum). Solanine was later [16] shown to be a glycoside and the alkaloid aglycone was named solanidine. Although other reports on these alkaloids were published, little progress on the chemistry of these compounds was made over the next 120 years. Briggs at Auckland, New Zealand, initiated modern work in the field in 1942. Briggs and co-workers found that the berries of various local plants were useful sources of glycoalkaloids. Their work led to the characterization of solasonine (1) and solamargine (2) [17] [18] [19] (Figure 1 ), metabolites which would later prove to be the major SGAs in eggplants and are represented in more than 100 Solanum species, many of which are non-food species [1] .
In 1954, Kuhn found solanine to be a mixture of two glycoalkaloids, α-solanine (3) and α-chaconine (4) ( Figure 2 ) [20] . These metabolites were shown to contain the same alkaloidal aglycone, but displayed different carbohydrate units. The pioneering work of Briggs and Kuhn marks the beginning of intense interest in these complex and structurally diverse compounds. Most of our knowledge of their structure and chemistry comes from extensive work carried out between . It needs to be recognized that in the early period of this work separation techniques were rather primitive. Often, the only criteria of the homogeneity of a compound were recrystallization to constant melting point and a narrow range for its melting point. UV and IR spectroscopic methods were available, but these did not provide significant information on the stereochemical questions posed by these complex substances. The advent of modern spectroscopic techniques, nuclear magnetic resonance (NMR) spectroscopy, mass spectrometry (MS), circular dichroism, and X-ray diffraction methods has greatly facilitated the structural determination of new compounds. Application of more sensitive and selective separation methods has also disclosed that a number of metabolites previously studied were in fact mixtures of compounds. This is strikingly illustrated in the case of the major SGA isolated from tomatoes whose purity was brought into question as recently as 1994.
In 1945, Irving et al. [21] isolated a fungistatic compound from tomato plants that was subsequently obtained as a crystalline compound in 1948. Initially named lycopersicin, to emphasize its origin from Lycopersicon pimpinellifolium, it was later renamed α-tomatine since lycopene had been adopted for the . red pigment in tomatoes. While developing a standard assay for tomatine, it was found that an impurity accompanied α-tomatine (5) ( Figure 3 ) in commercial samples of this compound. This second compound was also shown to be produced in tomatoes. The structure differed from that of α-tomatine by the presence of a double bond at C5 in the steroidal unit and was recognized as dehydrotomatine (6) . It is important to bear in mind that all the chemical and biological work carried out on tomatine before 1994 is based not on a pure substance but a mixture of two compounds whose ratio depends on the origin of the sample. For example, in large stems and roots of tomato plants the ratio of α-tomatine to dehydrotomatine is ~3:1, whereas in leaves it is 93:7 [13] .
Structures
All of the known steroidal aglycones (alkamines) belong to one of five groups (Figure 4 ): (a) the spirosolanes, e.g. solasodine (7) , contain an oxazaspirodecane ring system; (b) the 22,26epiminocholestanes, e.g. solacongestidine (8) solanidanes, e.g. solanidine (9) , containing an indolizidine functionality; (d) the solanocapsine, e.g. solanocapsine (10) , containing a 3β-amino group and an α-epiminocyclohemiketal, and (e) the 3β-aminospirostanes, e.g. jurubidine (11) , which are 3-aminosaponins. The formulae for these examples are presented in Figure 4 , which also shows the numbering system used and the absolute configuration of the stereogenic carbons. Two other types of SGAs merit some comment. A group of compounds that are essentially 26-aminocholesteryl glycosides (12) have been isolated from the roots of Solanum abutiloides [22] . They contain the side chain nitrogen acylated with a simple acyl group and a di-or trisaccharide group at C-3 of the steroid unit.
This group of metabolites represents key intermediates in the accepted biosynthetic pathway to the SGAs and gives an indication of the stage at which nitrogen is introduced in the side chain. Another class of glycoalkaloids is the leptines (for the structures see Figure 5 ), which contain either an acetoxy or hydroxyl group at C-23 with β-orientation in the F-ring. Leptines have been found in lines of Solanum chacoense, but only in the leaves, not the tubers. They are soluble in water at high pH, the most common method of recovering the glycoalkaloids as the free bases, and generally they do not precipitate from this solution [23] .
Some of the more commonly encountered SGAs include compounds 1-6 and 13-20 ( Figure 5 ). Interestingly, each of the major Solanum species important as a food crop produces two main alkaloids; α-solasonine (1) and solamargine (2) in eggplants ( Figure 1 ), α-chaconine (3) and α-solanine (4) in potatoes ( Figure 2 ), and tomatine (5) and dehydrotomatine (6) in tomatoes ( Figure 3 ). Some hypotheses on the evolutionary significance of this dual alkaloid occurrence have been proposed [13] . It is of some interest to note the close structural and configurational similarity of the Solanum glycoalkaloids with the steroid sapogenins. Some plants that produce a specific SGA also generate a sapogenin with the same configuration [5, 24] .
The carbohydrate entity of the compounds included in groups (a) to (d) is β-glycosidically linked at C-3 of the steroid unit and can include D-glucose, D-galactose, L-rhamnose, D-xylose and, rarely, L-arabinose. The absolute configuration of the carbohydrate linkages is always the same: D-sugars are bound β-glycosidically and the L-sugars are attached α-glycosidically. In considering the oligosaccharide unit, there are a number of points of nomenclature that involve the oligosaccharide unit. Traditionally, the practice has been to indicate the first isolated SGA by an "α" prefix in reference to the oligosaccharide unit. This has become an optional qualifier and, perhaps should be abandoned. The compounds obtained by stepwise cleavage to the lower oligosaccharide are named βand γcompounds for a trisaccharide chain and β-, γand δfor tetrasaccharides chains. This nomenclature is cumbersome and confusing. Another convention uses trivial names for the oligosaccharide unit, e.g. solatriose, chacotriose and lycotetraose (see Figure 5 ), but this also is too limiting. The use of systematic names for the oligosaccharides unit provides unambiguous descriptors of connectivity and stereochemistry. However, systematic names are difficult to generate and to interpret. A more useful way to describe the oligosaccharide entity is shown in Figure 6 . Abbreviated names for the component monosaccharides are used. Thus, Glc, Gal, Xyl, Rha, and Ara refer to glucose, galactose, xylose, rhamnose and arabinose, respectively. The number on the connection line indicates the points of connectivity between the hexoses and pentoses that make up the carbohydrate portion. Figure 7 illustrates many of the oligosaccharides moieties that have been found in naturally occurring SGAs. This compilation gives an indication of the structural diversity of the oligosaccharide motif that characterizes SGAs and provides references from which spectral data can be retrieved for purposes of identification. It has been stated that most of the mono and disaccharides probably arise from hydrolysis during isolation [5, 12] .
Methods of isolation and analysis
In the sections that follow, modern methods used in the recovery, purification, identification and quantitation of SGAs are presented. No distinction is made between those studies in which the level and (a) Extraction: The method of preparation of the sample for extraction depends on whether the sample is fresh or dry material. Dry samples should be powdered before extraction. Processing of fresh samples is best achieved by immediate addition of liquid nitrogen to the sample followed by powdering of the frozen material. Freeze drying is not as useful because of the time-lapse between collection and freezing the sample. In the past, extraction of SGAs from Solanum species has often yielded not only the glycoside, but also lower glycosides and the corresponding aglycones. Unless particular precautions were taken to prevent enzymatic hydrolysis prior to extraction, it is highly probable that the lower glycosides and the aglycone are artifacts.
The extraction of SGAs is not a simple matter since they are relatively polar compounds and contain glycosidic groups that are sensitive to acidic conditions. Alkaloids frequently occur as watersoluble forms dissolved in the cell vacuole. It is generally assumed that these water-soluble constituents are present as salts of malic, oxalic, succinic acid and other acids. Their weakly acidic nature renders the salts susceptible to decomposition on drying, powdering and extraction of the plant tissue.
A wide-range of solvents has been used to extract SGAs and most involve a weak solution of acetic acid with the addition of other solvents, such as methanol or tetrahydrofuran. In some case, heptanesulphonic acid was added as an ion-pair reagent to enhance solubility and complete adsorption of SGAs in subsequent steps [50] . Methanol has been widely used as the solvent to extract secondary metabolites from plant tissue. The rationale for this is that methanol can disrupt cell membranes thus allowing cellular components to diffuse out. For the extraction of steroidal alkaloids, this is perhaps counterproductive since a number of the compounds solubilized will be less polar and will complicate the extraction and analysis of the SGAs. Importantly, the solubility of the SGAs in these solvents is dependent on the structure. For example, potato glycoalkaloids were found to be virtually insoluble in cold methanol [51] This selective solubility has been used to advantage in the separative extraction of solasonine (1) and solamargine (2) from eggplant ( Figure 1 ), since the latter is more soluble in methanol [52] . Heating the acidic methanolic solution introduces the possibility of hydrolysis and the formation of artifacts. The efficient extraction of glycoalkaloids from the plant matrix is of some interest and in the literature over 20 different solvents systems have been described for this step. Ten of these were selected and evaluated for extraction efficiency of α-solanine (3) and α-chaconine (4) ( Figure 2 ) from fresh, dried and processed tubers [53] . It was found that the best solvents for fresh samples were either chloroform: methanol (2:1) or tetrahydrofuran: water: acetonitrile: acetic acid (5:3:2: 0.1), whereas 2% aqueous acetic acid was best for dried samples. It appears that fresh samples contribute sufficient water to solubilize the alkaloids.
Methods for the extraction of SGAs have not changed significantly over the years. For example the method of isolation of solasonine from Solanum aviculare was described in 1942 as follows; "the green dried berries from shrubs growing in Auckland were exhaustively extracted with alcohol…When most of the alcohol had been removed from the extract by distillation, excess of 2% aqueous acetic acid was added and the residual alcohol removed by steam distillation. The aqueous solution was filtered, the filtrate boiled, and the crude solasonine precipitated in a granular form by the addition of ammonia. The crude alkaloid was purified by solution in dilute acetic acid and re-precipitated with ammonia, followed by repeated crystallization from 60-80% alcohol and 80% dioxane-water to give colorless pointed plates, m.p. 284-285 o " [17] . A more recent method presented in a patent in 2003 [54] was essentially the same; the major difference is that a column chromatographic step was used in the second method to remove some impurities.
As mentioned previously, it has been shown that some SGAs can be converted synthetically to steroid hormones. Specifically, they could replace diosgenin, a compound whose supply is subject to fluctuation, in the industrial synthesis of progestgens, androgens, estrogens and norsteroids. To provide sufficient material for these synthetic conversions, large-scale extractions are required. Bushway et al. [55] have proposed a method that could be applied to largescale extraction of SGAs. In this method, freeze-dried potato blossoms are blended in a mixture of tetrahydrofuran, water and acetonitrile (5:3:2). The filtrate is concentrated to 1/6 of the volume on a steam bath and then a similar volume of 0.2 M HCl is added, the mixture is sonicated and centrifuged. The supernatant is adjusted to pH 10.5-11 with aqueous ammonia, heated at 70 o for 10 min and the solid is collected and crystallized from ethanol. The process of solubilization and precipitation with aqueous ammonia can be repeated. The percent recovery is 65-70%, yielding a mixture that contains >90% glycoalkaloids. The possibility of recovering large amounts (ton scale) of glycoalkaloids from waste of potato starch production is of some interest [56] . In the starch refining process, proteins and the SGAs are separated from the starch in a fraction together with free amino acids, peptides and minerals. Spray-dried protamylasse (39.4 g) was dissolved in dilute acetic acid (120 mL, 1%). The solution was made basic with aqueous ammonia (to pH 9-10), heated to 70 o for 30 min and left overnight at 4 o . The solid was washed with cold aqueous ammonia (2%), the mixture centrifuged and the pellet was washed with ethyl acetate:ethanol:aqueous ammonia (5%) (250 mL, 80:16:4) and filtered. The remaining filter cake was extracted two more times and the combined filtrate was evaporated under reduced pressure to afford a yellow solid which was crystallized from ethanol to give a mixture of α-solanine (3) and α-chaconine (4) (2.16 g) ( Figure 2 ).
(b) Isolation, separation and purification:
Prepurification steps such as the heat precipitation of proteins can lead to losses due to co-precipitation of SGAs; between 25 to 80% of solanidine glycosides were found in the precipitate [9] . The acidic solution containing SGAs can be subjected to a clean-up step in one of three ways. Most commonly the SGAs are precipitated with aqueous ammonia at a pH above 10 at 70 o . Under these conditions, the alkali-soluble leptines (17-20) ( Figure 5 ) and variable amounts of other SGAs (α-chaconine (4), demissine (16) , remain in the ammonia supernatant [23] . It is thus essential that the ultimate pH be sufficiently high that even strongly basic alkaloids are precipitated from the aqueous solution. If high concentrations of SGAs are present in the extract, as often found for wild Solanum species, complex formation with plant sterols may lead to considerable losses of the alkaloid [57] . Both the steroidal glycosides from potato, α-solanine (3) and α-chaconine (4), and α-tomatine (5) are able to complex with sterols such as campesterol, cholesterol, β-sitosterol, stigmasterol and ergosterol to form complexes whose solubility varies considerably. Tomatine (5) , which contains a tetrasaccharide unit, forms a 1:1 insoluble complex with cholesterol, reminiscent of the cholesteroldigitonin complex. Studies have indicated that complex formation is temperature-independent, that the sterol-complexing ability of tomatine is greater than that of the potato SGAs, and that tomatine had a lower affinity for cholesterol than for other sterols [58] [59] [60] . It was also found that the tomatinecholesterol complex forms spherical structures, and that glycoalkaloids induced disruptive effects on cholesterol containing membranes [61, 62] .
Another method for a preliminary clean-up of SGAs involves partitioning the aqueous ammonia solution with water-saturated 1-butanol. The compounds of interest can be recovered from the 1-butanol layer [53, 63] . The most popular clean-up method for SGAs analysis and quantitation is solid-phase extraction (SPE). In using this technique, it is important to remember that organic solvents need to be removed from the sample before loading it onto the SPE cartridges as they can prevent full adsorption onto C18 SPE sorbents. Cartridges with different sorbents are available. These include silica-based octadecyl (C18), amino (NH 2 ), cyano (CN), phenyl (Ph) and octyl (C8) supports. In a study aimed at comparing the relative efficiency of various sorbents, the following five were selected: a non-polar C18, a benzene sulfonate cation exchanger (SCX), a polar cyanopropyl (CN), a combined SCX and C8 and a macro porous copolymer (Oasis). An acetic acid extract of Solanum brevidens was the test sample, and α-tomatine (5), dehydrotomatine (6), α-solanine (3) and α-chaconine (4) the standards.
The highest recovery of all the standards and the SGAs of the extract (100%) was obtained with the Oasis sorbent, but higher selectivity for the SGAs was obtained with SCX. It was also observed that efficient desorbing required elution with either methanol or ammonia-methanol [64] . Many techniques have been tried in attempts to achieve a reliable and sensitive method for detecting and quantifying SGAs. Colorimetric, titrimetric, polarographic and paper chromatographic methods are outdated and will not be considered further [10] . More recently, isotachophoresis [65] , countercurrent chromatography [66] , thin layer chromatographic scanning [67] , gas chromatography [68] , high performance liquid chromatography (HPLC), mass spectrometry [11] , and enzyme immunoassays [69] have emerged as useful methods. Some of the more important and popular methods are considered below.
(c) Thin layer chromatography (TLC):
TLC is used to provide an estimate of the number of compounds present in an extract, to monitor fractions during column chromatography, to determine the purity of compounds and to aid in determining the solvent combination for analytical and preparative separations. Iodine vapor is often used to develop TLC plates since it does not entail spraying or heating and the color is reversible. If a more sensitive detection is required, the anisaldehyde reagent can be used [12] . The merits of different detection reagents have been presented [70] . For example, phosphomolybdic acid was less suitable for the determination of α-solanine in leaves, whereas the ceric sulphate-sulphuric acid reagent was less suitable for the detection of α-chaconine Solvent systems for the separation on silica gel have been developed [71] and the chromatographic variables reported in the literature have been reviewed and listed [72] . A recent review covers the analytical aspects, including TLC, of the major glycoalkaloids from potatoes and tomatoes [73] . The solvent systems favored for the TLC separation of SGAs are combinations of chloroform: alcohol: ammonia. A high performance TLC method for the analysis of the potato glycoalkaloids, α-solanine (R f 0.13) and α-characonine (R f 0.25) using silica gel 60 plates and a mobile phase consisting of chloroform: methanol: 2% aqueous ammonia (70:30:5) has been described [70] . By way of comparison, chloroform: methanol: 1 % aqueous ammonia (2:2:1) cleanly separated solasoline (R f 0.32) from solamargine (R t 0.22) [74] . Table 1 lists the retention times for a number of common SGAs and derivatives obtained by hydrolysis. It is useful to notice that a decrease in the concentration of aqueous ammonia leads to a significant change in retention times (Solvent A, Solvent B). It has been claimed that separation of a mixture containing solamargine, solasonine and β 1 -solamargine by silica gel CC using chloroform and methanol as eluents afforded the silicate salts of the three SGAs. The free bases were obtained by passing a methanol solution of the salts through a column of the ion-exchange resin Amberlite IRA 410 (-NH 3 + ; HOform) [78] . Alumina has also been used as a sorbent using 1-butanol saturated with water as the eluent [43] .
(e) Gas chromatography (GC) and gas chromatography/mass spectrometry (GC/MS):
GC has been used for quantitation of SGAs using two general methods; determination of aglycones after hydrolysis and determination of glycosides after derivatization. Most researchers have preferred to hydrolyze the sample and separate the aglycones without the formation of derivatives. For example, Lawson et al. [68] described a capillary GC method in which extraction was combined with hydrolysis to separate and quantify solanidine, leptinidine and acetylleptinidine. GC can also be used to analyze the monosaccharides formed on hydrolysis. Generally, the glycoside is permethylated, the derivative obtained is hydrolyzed, the monosaccharides are reduced and the alditols thus produced are acetylated [79] . GC suffers from a number of disadvantages. The high temperature required shortens the life of the column, run times are long and the hydrolytic steps required in some applications can introduce complications.
A significant advance was the development of the hyphenated GC-MS, a technique in which the MS acts as the GC detector. Although this is a very sensitive analytical method and has the added advantage that the MS provides some structural information, it does not measure the glycosides directly. Essentially, neither GC nor MS-EI methods can overcome the problems encountered with thermally labile compounds. The development of High Performance Liquid Chromatography (HPLC or LC) was a significant improvement in this respect. Nevertheless, the early work on the GC-MS analysis of the aglycones of SGAs provided much useful information that allowed recognition of the steroidal portion of an SGA by looking for diagnostic fragmentations (Figure 8 ).
Considering the desirable aspects such as sensitivity, specificity and speed of analysis, HPLC-MS and immunoassays are the superior methods in the analysis of SGAs. The latter offers the possibility of a sensitive, simple, rapid and relatively inexpensive method. However, polyclonal antibodies show a lack of specificity or immunological response and the monoclonal antibodies, although specific to solanidine-based compounds cannot distinguish between individual alkaloids [51] .
(f) High performance liquid chromatography (HPLC)
HPLC has proven popular and has been continuously improved with respect to clean-up, column selection and peak detection. It separates glycosides and aglycones directly and can be used in the analytical or preparative mode. Normal phase chromatography separates SGAs according to the order of polarity of the oligosaccharide unit, whereas the relative retention times using reversed-phase solid support are governed more by the hydrophobicity of the steroidal aglycone. This provides two different separation methods that can be applied sequentially. Retention times of SGAs in reversed-phase LC are the result of a variety of interactions between analyte, mobile and stationary phase. Thus, the degree of separation depends largely on chromatographic conditions. Silica based C18 columns appear to be superior to amino columns, which are relatively unstable. Acetonitrile is a useful modifier of the mobile phase because of its low UV cut-off and allows the use of the 200-205 nm region to monitor SGAs having end absorption in their UV spectra.
The use of triethylammonium phosphate buffer at pH 3.0, whilst reducing the retention time of SGAs and necessitating a decrease in the amount of acetonitrile, ensures the protonation of the basic group of SGAs and the acidic silanol groups of the solid support, thus providing more reproducible separations [85] .
A number of reports describe refinement of parameters to achieve separations of the various SGAs. Thus the effects on retention times of the composition and pH of the mobile phase (acetonitrile and phosphate buffer), the concentration of the buffer, the capacity values of column packing and column temperature have been studied [86] . Solanidane glycosides have RR t 1.0 and the spirosolane glycosides RR t 1. 46 [11, 42, 87] .
Using a Hyperclone ODS column and a binary gradient system, water (A) and acetonitrile (B), both containing 0.1% formic acid, separated α-chaconine (7.3 min) from α-solanine (6.8 min). A hydrophobic interaction column (HILIC), binary gradient system [NH 4 OAc, adjusted to pH 5.5 with acetic acid (A) and acetonitrile (B)] gave better separation with αchaconine (4) eluting at 4.4 min and α-solanine (3) at 5.4 min [88] . Dehydrotomatine (6) (17 min) and α-tomatine (5) (21 min) can readily be separated using an Inertsil ODS-2 column and acetonitrile/20 mM KH 2 PO 4 (24/76, v/v) as the mobile phase. Using similar conditions, but with an Inertsil NH 2 column (mobile phase acetonitrile/1 mM KH 2 PO 4 (96/4, v/v) the aglycones tomatidine (20 min) and tomatidenol (11 min) were also easily separated [89] .
Perhaps one of the more significant advances in recent years is the development of liquid chromatography electron spray ionization mass spectrometry (LC/ESI-MS). Usually, ESI-MS provides spectra that show little fragmentation, thus allowing the analysis of not only single compounds, but also of mixtures of compounds that co-elute in the chromatographic step. Moreover, the few fragment ions that occur can provide structurally significant information using tandem MS/MS methods [90] . This is of significance in the characterization of SGAs, the ESI-MS of which normally includes a fragment ion for the aglycone portion. MS/MS analysis of this ion can reveal the group to which the steroidal unit belongs by reference to diagnostic fragmentations (see Figure  8 ). In Case Study I (Appendix), the techniques presently available in this field and their deployment in the identification of SGAs are discussed. An excellent review of the techniques available in this area and of the current and future applications is available [91] .
(g)
Nuclear magnetic resonance (NMR) spectroscopy: 1 H and 13 C-nuclear magnetic resonance (NMR) spectroscopy are non-destructive methods that have greatly simplified the structural elucidation of SGAs. In particular, the application of one-and two-dimensional NMR methods often allows the determination of the complete structure of a glycoalkaloid. For purposes of comparison of chemical shifts, detailed reviews of the NMR data of steroidal alkaloids are available [96, 97] . It is important to note that comparisons must be made for solutions in which the same solvent is used. Most of the NMR data collected so far refers to solutions in pyridine-d 5 , a solvent that ensured solubility of the SGAs at concentrations required for the acquisition of spectra. The increase in sensitivity of instruments allows methanol-d 4 to be used as a solvent, thus facilitating recovery of the sample being studied.
It is worthwhile examining the type of information generally available from NMR spectra of a typical SGA such as solasonine (1) . From the 1 H-NMR spectrum, the chemical shifts of the four methyl groups, C-18 (singlet; δ 0.88), C-19 (singlet; δ 1.06), C-21 (doublet; δ 1.17) and C-27 (doublet; δ 0.81), can be determined. A diagnostic shift of the C-19 methyl to δ 0.65 is indicative of the absence of a double bond at C5, which will be accompanied by the lack of the C-6 proton at ~δ 5 In order to provide some reference data for both the steroidal and oligosaccharide components, the 13 C-NMR parameters for a number of SGAs are given in Figures 9-11 . These include solasonine (1) and solamargine (2) , which differ in the oligosaccharide portion, and sycophantine, with a different oligosacc haride unit and 22S-stereochemistry. To illustrate the changes induced by a change of the solvent, the parameters of dehydrotomatine (6) (solafloridine and 20-isosolafloridine) groups are included. The importance of NMR spectroscopy in the determination of structures of new SGAs is illustrated in Case Study 2 (Appendix).
Formation of Artifacts
(a) Hydrolysis: The presence of glycosidic groups renders SGAs particularly susceptible to acid hydrolysis. It has also been noted that attempts to generate the aglycone by acid treatment can lead to formation of varying amounts of aglycone containing the 3,5-diene moiety. The controlled acid hydrolysis of the oligosaccharides has been well studied and conditions for the generation of lower oligosaccharides have been described (see Figure 12 ) [13] . However, as mentioned previously, enzymatic hydrolysis involving endogenous enzyme released on sampling or handling plant material can occur and it is difficult to control. Some  fungi, most of them pathogens of tomatoes, contain enzymes (tomatinases) that hydrolyze tomatine (5) either by cleaving the β,1-linked galactose releasing the tetrasaccharide lycotetraose and the aglycone tomatidine, or by stepwise hydrolysis of monosaccharide units (Figure 12 ).
Others remove the xylose or the β,1-2 linked glucose [99] . A tomatinase from the plant pathogenic fungus Fusarium oxysporum f. sp. lycopersici has been used to prepare lycotetraose from tomatine. This makes the tetrasaccharide available for the preparation of novel glycosides or saponins [100] .
Hydrolytic enzymes that are able to cleave rhamnose, glucose and galactose units seem to be present in potato sprouts. An enzyme preparation from potato sprouts hydrolyzed α-chaconine (4) by first cleaving the rhamnose at the C-2 position of glucose to give β 2 -chaconine, and then by loss of the disaccharide to form the aglycone. However, the same enzyme mixture hydrolyzed α-solanine in a stepwise fashion sequentially removing rhamnose, glucose and galactose [98] . In intact mature tubers these enzymes are not particularly active as βand γ-compounds are generally produced in trace amounts.
(b) Acid-catalyzed isomerization: Two other acid catalyzed reactions have been observed for sapogenins and have some relevance for SGAs. Marker and Rohrmann [101] found that sarsasapogenin (21) on being refluxed with alcoholic HCl yielded smilagenin (22) (Figure 13 ). Wall et al. [102] established that the reaction is reversible and both compounds give a mixture containing approximately 20% sarsasapogenin and 80% smilagenin. This reaction, which involves isomerisation at a position remote from other functional groups, is quite common and several isomeric pairs have been generated from different sapogenins. The following mechanistic rationale has been suggested for the "iso" reaction ( Figure 13 ) [103] . Protonation of the sapogenin gives the protonated cyclic ketal that is in equilibrium with the open chain form. Hydride transfer generates the protonated aldehyde that is also in equilibrium with the enol form. Reversal of the process accommodates the formation of the C-25 epimers. 
Biosynthesis

(a) Steroidal component:
Remarkably few studies have investigated the biosynthesis of SGAs. A reason for this might be that the formation of the steroidal entity in each type of glycoalkaloid can simply be rationalized as modification of a cholesterol precursor. The recent discovery of an alternate pathway to the two obligate precursors (isopentenyl diphosphate, IPP, and dimethylallyl diphosphate, DMAPP) of terpenoid biosynthesis introduces another unknown. Studies have indicated a non-mevalonate pathway for the formation of α-chaconine and α-solanine in S. tuberosum [106] , but Lycopersicon pimpinellifolium incorporated mevalonate into tomatine. It was also shown that C-26 is derived from C-2 of MVA and that the reduction of the 24,25-double bond occurs from the 24-si,25-si face [107, 108] .
The sequence involved in the biosynthesis of plant sterols and cholesterol is well defined [109] , but the steps leading to the steroidal entity of SGAs have not been investigated to any significant extent. The hypothetical schemes generally presented for the biosynthesis of SGAs are based on the natural occurrence of likely precursors. For example, the modification of the side chain in cholesterol is shown to proceed via dormantinol and dormantinone, two metabolites found to occur with cholesterol in Veratrum grandiflorum [110] . The introduction of a nitrogen on the side chain is the next major event.
The naturally occurring imino compounds verazine and etioline appeal as intermediates, but the occurrence of the abutilosides [34] suggests that hydroxylation at C-16 can occur before or after introduction of the nitrogen at C-26, which probably originates from arginine [110] .
The steps in the formation of the F-ring to generate solanidine and tomatidine are, arguably, the most intriguing. It has been shown that tritium at the 16β-position in cholesterol is lost in tomatidine and retained at 16α-in solanidine produced by L. pimpinellifolium [111] . This clearly involves mechanistically different modes for the formation of ring E as suggested for the biosynthesis of solasodine and solanidine in Figure 16 .
The formation of solanidine could involve oxidation of the hydroxyl at C-16 to a ketone followed by cyclization of the E-ring. Such a reaction has many laboratory precedents [6] . Reductive substitution of the lactamol, or reduction of the imine, would lead to the indolizidine ring of solanidine. For the formation of solanosine, the simplest explanation is that a 16α-hydroxyl is introduced by a cytochrome P 450 hydroxylation with retention of configuration. Generation of a leaving group at 16α-would allow an S N 2 reaction, preferably engaging the hydroxyl of a lactamol, an intermediate in the formation of the imino group. Other reactions occur in the modification of the steroid unit, particularly hydroxylation at various carbon atoms and reduction of the C5-C6 double bond to generate the cholestanol aglycone.
(b) Oligosaccharide component:
In early studies, it was shown that crude extracts from the leaves of Solanum lanciniatum glucosylated solasodine (7) . Solanidine (9) incubated with a crude enzyme extract from potato tubers and labelled UDPGlc gave rise to mono-, di-and triosides, as well as α-solanine (3) and α-chaconine (4) . Solanidine incubated with a crude enzyme extract from potato tubers and labelled UDPGlc gave rise to mono-, di-and triosides, as well as α-solanine and α-chaconine. These results, however, must be regarded as tentative since the structures of the products were not rigorously proven [112] . Later studies led to the isolation from potato tubers, leaves and sprouts of an UDPGlc-dependent Glc Tase with a high affinity for solanidine (9) . The product was the 3-glucopyranoside, a precursor of αchaconine (4). In the presence of UDPGal the corresponding galactoside, a putative intermediate of α-solanine, was obtained. This galactosylating enzyme was also active with spirosolane-type aglycones tomatidine and solasodine.
An enzyme extract from eggplant was shown to contain Glc Tase and Gal Tase that produced the monosidic precursor to solasodine (1) and solamargine (2) . Little is known about the later steps in oligosaccharide formation. A gene encoding a Rha Tase involved in the final steps in the biosynthesis of chacotriose and solatriose has been isolated. This enzyme catalyzes the introduction of rhamnose at the 2-position of the hexose group attached to the C-3 of the aglycone for both β-chaconine and β-solanine [112] .
Concluding remarks
In this review, an attempt has been made to summarize aspects of the isolation, structure determination and analysis of SGAs. Emphasis has been placed on the application of spectroscopic methods in the identification of these compounds. 13 C-NMR spectroscopic parameters of standards that can serve as structural fingerprints as well as providing diagnostic values have been included. A compilation of the diverse olisaccharides entities associated with SGAs is presented in a manner that allows quick retrieval of information. The predisposition of this group of compounds to formation of artifacts has been stressed.
A discussion of the biological activity displayed by SGAs was beyond the scope of this review. The interested reader can glean a great deal of information from the following references that have already been cited: [1-3, 8-13, 73] . Other interesting reviews include that of Chen and Miller [113] on the horticultural significance of SGAs, and others on aspects of their toxicology [114] [115] [116] [117] . Liquid chromatography is extremely useful in the analysis of thermally unstable compounds and circumvents the need for derivatization and, in the case of steroidal glycoalkaloids, hydrolysis of oligosaccharides that can complicate the analysis. Mass spectrometry is the most selective technique for the rapid qualitative determination of known compounds, as well as for the identification of unknown compounds in extracts of natural products. The softer ESI-MS method provides a mass spectrum with little fragmentation and this can allow analysis of mixture of compounds that co-elute. In this situation it is very useful to have some idea of the factors that determine the limited fragmentation observed. An approach to this end is described in this paper by application of optimized reversed-phase LC with ES ionization and ion trap MS in the analysis of SGAs from leaves and berries of tomato.
Appendix
Firstly, the MS of standards such as α-tomatine ( Figure 17 ). This also shows that loss of water can occur from the aglycone unit. Similar results were obtained for dehydrotomatine (6) The alkaloid fraction from an extract from tomato leaves was analyzed by LC/ESI-MS. The chromatogram showed good separation between dehydrotomatine (6) (peak 1; ~14 min) and α-tomatine (5) (peak 2; ~15 min), a trace of tomatidine (~20.6 min) as well as a peak of an unknown compound at 16 min (peak 3). The relative intensities of the peaks were 0.08, 1.00 and 0.07, respectively. A full MS analysis was conducted on the unknown and gave results undistinguishable from the parameters obtained for α-tomatine. To ensure that the differences in retention times between α-tomatine and the unknown compound were not due to the presence of a different pentose or hexose the unknown compound was hydrolyzed with 1N HCl. Chromatographic analysis established the presence of galactose, glucose and xylose in a 1:2:1 molar ratio and this, together with the similarity in MS fragmentation strongly indicates that both compounds contain the lycotetraose unit. The only observable difference in the MS of the two compounds is the presence of a peak at m/z 560.4 in the spectrum of the unknown, an ion not observed for α-tomatine, although it is present in the MS/MS of α-tomatine. Since the two ions are connected by the loss of 18 amu, and this loss of water arises from loss of the ketal oxygen, it suggests that the difference between the two compounds is associated with differences in rings E or F.
The authors tentatively conclude that the unknown compound is a diastereoisomer of α-tomatine (5) with the 22αN,25R-stereochemistry of soladulcine. In view of the isomerization catalyzed by acetic acid discussed above, it would appear that the alternative diastereoisomer in which the stereochemistry at C-20 (20S) has been inverted cannot be excluded.
This report clearly demonstrates the power of modern MS methodology in structural determination. The use of MS/MS allows the fate of different ions to be determined. For the case where the ion due to the aglycone fragment is tracked, diagnostic fragmentations (see Figure 8 ) can suggest the type of steroidal skeleton involved. Importantly, this also raises the point that as the sensitivity of an analytical technique increases, so does the probability of detecting compounds generated as artifacts of the isolation, handling and storage methods. Solanum arundo is a species that occurs in Kenya. In its natural habitat, it is rarely found in the proximity of other plants, suggesting that it exerts an allelopathic effect. In fact, the crude methanol extract of the bark from a sample of S. arundo inhibited the growth of lettuce (Lactuca sativa cv Grand Rapids) seedlings. Bioassay-guided fractionation indicated that the active principle remained in the aqueous layer on fractionation with organic solvents and analysis showed that the active fraction gave a positive test with Dragendorff's reagent. The watersoluble portion of the extract (7 g) in water (30 mL) was subjected to rotation locular countercurrent chromatography (see footnote) with water as the stationary phase and diethyl ether (500 mL) and then ethyl acetate (1L) as the mobile phases to remove non-polar contaminants. A gradient solvent system (EtOAc-PrOH-H 2 O, 4:1:1 and 2:1:1) was used to provide the active fraction (1.83 g). This was subjected to droplet countercurrent chromatography (DCCC) (300 glass columns; ascending system CHCl 3 -MeOH-H 2 O-PrOH-aqueous ammonia, 35:65:40:5:1, flow rate 3 mL/h) to provide a fraction that showed three distinct spots by SiO 2 -TLC (R f 0.36, 0.25, 0.17; solvent, (CHCl 3 -MeOH-aqueous ammonia, 2:4:1). Low-pressure silica gel column chromatography on (CHCl 3 -MeOH-aqueous ammonia, 6:5:1 and then 2:4:1) gave the least polar compound that was purified by HPLC (ODS-silica; MeOH-H 2 O with 1% aqueous ammonia) to yield arudonine (14 mg).
The 1 H-and 13 C-NMR spectra ( Figure 18 ) showed similarities to those reported for solasonine (1) and solamargine (2) , except that the carbohydrate unit appeared to contain a pentose, two rhamnose and a hexose unit. High resolution fast atom bombardment mass spectrometry (FAB-MS) gave an accurate mass of 1000.3454 (M+H) + corresponding to a formula C 50 The anomeric configurations of the xylose and the two rhamnose units were deduced from J C1-H1, and NOESY experiments ( Figure 18 ) confirmed that the hexose unit was a glucose rather than a galactose. Support for the structure proposed was obtained from other NOESY correlations, and HMBC experiments provided further evidence for the carbon connectivity.
This example illustrates the use of most isolation, separation and purification techniques currently used in the bioassay-guided fractionation of plant-derived natural products. Once a pure sample of the compound is in hand, the full battery of modern MS and NMR methods can be applied to establish the carbon connectivity and the stereochemistry associated with the compound. The novelty of the oligosaccharide group meant that more attention be paid to determining its structure. Confirmation of the nature of the steroidal portion (solasodine) could simply be achieved by comparison of the 1 H-and 13 C-NMR parameters with those available in the literature.
(Note: Countercurrent chromatography is recognized as a technique that avoids problems associated with solid phase adsorbents, such as selective loss through adsorption and chemical reactions. The method mentioned in this work is rather time-consuming, but new generation instruments are gaining popularity as purification tools for natural products. For a recent review on the application of this method see: Marston et al. [118] .
